phospholipids remains a challenge. Most mass spectrometric studies of the oxidation of PL have focused on the oxidation of phosphatidylcholine lipids (Pc) because they are reservoirs of abundant polyunsaturated fatty acyl (PufA) groups, but also yield readily detectable product ions after collisional activation. [4] [5] [6] thus, precursors of m/z 184 readily identify all Pc lipids including oxidized Pc.
Phosphatidylethanolamine lipids are also abundant PLs containing PufA groups. one of the most common ways to detect PE lipids using tandem mass spectrometry is a neutral loss of 141 Da scan; however, this selective scan discriminates against the detection of plasmalogen PE species. 7 this difference in the cID behavior displayed by the various subclasses of PE lipids has complicated the detection of PE lipid because there is not a sensitive universal scan that permits selective detection of all PE lipids. recently, we described DMABA N-hydroxysuccinimide (NHS) ester reagents that react with the primary amine group of PE lipids in order to create derivatives where all subclasses of DMABA-labeled PE could be detected by a common precursor ion scan in the positive ion mode. the negative ion cID behavior was retained and revealed the radyl groups present at the sn-l and sn-2 positions of the glycerol backbone, 8 which could be readily interpreted in terms of oxidized products within the structure of phosphatidylethanolamine lipids. Experimental Materials 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (14:0a/14:0-PE) 1 was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, uSA). 2,2′-Azobis-(2-amidinopropane) hydrochloride (AAPH) and methoxyamine hydrochloride (MoX) were purchased from Sigma chemical company (St Louis, Mo, uSA). High-performance liquid chromatography (HPLc) solvents were purchased from fisher Scientific (fair Lawn, NJ, uSA) and used for HPLc and extraction.
Preparation of liposomes from lipids extracted from RAW 264.7 cells and oxidation procedure
Lipids were extracted from rAW 264.7 cells (20 × l0 6 ) by a Bligh-Dyer extraction. 9 the phospholipid extract was split equally into two different test tubes, taken to dryness under a stream of nitrogen, and resuspended in HBSS (0.4 mL). Small, unila-mellar vesicles were prepared by vortexing the phospholipid suspension for 30 min followed by sonication for 10 min. AAPH was added to the phospholipid suspension in one of the test tubes for a final concentration of 10 mM. the control and the AAPH treated liposomes were incubated at 37°c for 5 h and the phospholipids were extracted using Bligh-Dyer extraction after the internal standard (14 : 0a / 14:0-PE, 1 µg) was added and methoxime derivatives of lipids were prepared using a gas-phase MoX procedure. 10 
DMABA-labeled PE separation by RP-HPLC and analysis by electrospray ionization mass spectrometry
Synthesis of DMABA NHS ester reagents and the labeling procedure for PE lipids (Scheme 1) have been described previously. 8 Briefly, the (d 0 or d 6 )-DMABA NHS ester reagent (20 µL of a 10 mg mL -1 solution) was added to the extracted lipids in 80 / 20 ethanol / 0.25 M triethylammonium bicarbonate buffer (80 µL) and allowed to incubate at 60°c for 1 h. the PE lipids in the control sample were labeled with the d o -DMABA NHS ester reagent, while the PE lipids in the AAPH treated sample were labeled with the d 6 -DMABA NHS ester reagent. After the reaction of the DMABA NHS ester reagent with PE lipids was complete, the control and oxidized samples were all combined together and extracted by the method of Bligh and Dyer. 9 the combined DMABAlabeled control and oxidized PE lipids were then purified by solid-phase extraction followed by reversed-phase HPLc as previously described. 8 Briefly, the d o -and d 6 -DMABA-labeled PE species were separated with a Gemini 5 µ c 18 (2.0 × 150 mm) column (Phenomenex, torrance, cA, uSA) coupled to a Sciex API 2000 QtrAP mass spectrometer (PE Sciex, toronto, canada). the HPLc was operated at a flow rate of 0.2 mL min -1 with a mobile phase of methanol / acetonitrile / water 60 : 20 : 20 (v / v / v) with 2 mM ammonium acetate (solvent A) and 2 mM methanolic ammonium acetate (solvent B). the gradient was 25% solvent B to 100% solvent B in 20 min, followed by isocratic elution at 100% solvent B for 20 min. the d oand d 6 -DMABA-labeled PE lipids from 1 × 10 6 cells were detected during one chromatographic run by alternating between a precursors of m/z 191.1 (P191) and m/z 197.1 (P197) scan, respectively, every 3 s with a collision energy of 35 eV. the negative ion cID spectra were obtained with an electrospray voltage of -4500 V, a declustering potential of -50 V, and collision energy of 50 eV. 
Results and discussion
the d 0 -and d 6 -DMABA-labeled PE from the equivalent of 1 × 10 6 cells from the combined control and oxidized samples was subjected to rP-HPLc in order to separate the molecular species according to lipophilicity. this was achieved in one HPLc experiment where the d 0 -DMABA-labeled PE from the control liposomes was detected using a P191 scan and the d 6 -DMABA-labeled PE from the oxidized liposomes was detected by a P197 scan (figure 1). the area of the d 0 -DMABA 14:0a / 14:0-PE internal standard, which eluted at 20.96 min in the P191 chromatogram, was 6.63 × 10 7 and the area of the d 6 -DMABA 14 : 0a / 14:0-PE internal standard, which eluted at 20.87 min in the P197 chromatogram, was 6.75 × 10 7 . the area of the d 0 -and d 6 -DMABA internal standards was very similar and, therefore, the control d 0 -DMABA-labeled PE and the oxidized d 6 -DMABA-labeled PE chromatograms could be visually compared and changes in the PE distribution in oxidized samples could be readily observed. the lipophilic compounds (23-36 min) that eluted from the column after the internal standard (figure 1) were the endogenous, nonoxidized PE, which was confirmed by negative ion cID (data not shown). the chromatograms indicate that the endogenous PE decreased after AAPH treatment, which can be explained in part by loss of endogenous PE species to newly-formed oxidation products. the oxidized d 6 -DMABA-labeled PE lipids were less lipophilic than the internal standard and eluted at 7-20 min (figure 1). When all ions over the mass range of 570-700 Da, which corresponded to the P191 scan (control d 0 -DMABA-labeled PE), were superimposed on all the ions from the P197 scan (table 1) . It is important to note that these lyso PE species had acyl radyl groups (sn-position undetermined) and no plasmalogen lyso PE species were detected. Previously, it has been shown that AAPH induced free radical oxidation of plasmalogen phospholipids results in oxidation at the 1-O-alk-1′-enyl position to form lysophospholipids. 12 It is thought that this mechanism was quite prevalent in the current studies due to the abundance of lyso PE generated that contained PufA (table 1) (table 2) were consistent with the results obtained for 18 : 0p / 5al-PE. therefore, it was concluded that these other compounds in table 2 and figure 3(a) were also chain shortened w-aldehyde PE products. It is thought that the chain-shortened w-aldehydes esterified to the sn-2 position, including 5-oxopentanoic acid (5al), 7-oxoheptanoic acid (7al), and 9-oxononanoic acid (9al), result from oxidation of carbon-5, carbon-7, and carbon-9 of arachidonic acid, adrenic acid and linoleic acid, respectively.
Additional oxidation products were observed when the total ion spectrum over the mass range of 850- 1050 at m/z 953.7 as containing D 2 / E 2 -isoPs at the sn-2 position of the glycerol backbone was also consistent with the large number of separable components observed in the chromatography [figure 4(b)] and indicated a complex mixture of species. It should be mentioned that D 2 / E 2 -isoPs contain one ketone group and that these molecular species were also detected as the methoxime derivative. However, MoX derivatization was not completely efficient in converting the ketone group on D 2 / E 2 -isoP containing PE into a methoxime derivative.
other oxidized PE products, similar to d 6 -DMABA-labeled 18 : 0p / D 2 / E 2 -isoP-PE, were present in figure 4(a) and a summary of some of these direct oxidation products of PufAs, such as regioisomers of hydroperoxy, hydroxyl and ketone fatty acyl groups, are shown in table 3. All of the compounds identified in this table did not have one single chromatographic peak, but multiple components, which suggested a complex mixture of regioisomers of any given [M + H] + as detected by a P197 scan. In addition to the presence of D 2 / E 2 -isoPs esterified to the sn-2 position of the glycerol backbone, there was indication of f 2 -isoprostanes (f 2 -isoP), [13] [14] [15] hydroxyocta decadenoic acid (HoDE) or hydroxyeicosatetraeonic acid (HEtE), respectively 13, 16 esterified to the sn-2 position of the glycerol backbone. It should be noted that only a few cID spectra were obtained of the direct oxidation products of PufAs found in the m/z range of 850-1050 Da. While there were many more oxidation products in this region that were found in the P197 scan, they were not identified in the current study.
Conclusion
the DMABA derivatization of oxidized PE lipids yielded structurally relevant positive and negative product ions following collisional activation of [M + H] + and [M -H] -, respectively. Several different families of oxidized PE products could be identified when rAW 264.7 cells were exposed to a free radical generating system even though these PE lipids were present in a complex mixture of non-oxidized (not deuterated) as well as oxidized molecular Table 2 . Summary of the fragment ions observed in the product ion spectra in the negative ion mode of the [M -H]of the MOX derivatized d 6 -DMABA-labeled PE with ω-aldehydes in the sn-2 position found in oxidized liposomes. species (deuterated). Several chain-shortened w-aldehydes and direct oxidation products (D 2 / E 2 -isoP, f 2 -isoP, HoDE, and HEtE) at the sn-2 position with both acyl and vinyl ether linkages at the sn-l position. Since one of the major challenges in determining changes in oxidized phospholipids in such an experiment is the lack of internal standards with chemical properties that can be co-purified and behave identically in the mass spectrometric experiment, the advantage of the deuterated DMABA derivatization is that it enables an assessment of changes in molecular species by stable isotope tagging. furthermore, collision-induced dissociation of both positive and negative ions of the DMABA PE derivatives yielded valuable information as to the identity of the oxidized PE molecular species.
